Data from clinical and behavioral pharmacological studies have implicated adenosine in anxiety behaviors, while genetic studies have suggested that adenosine receptors may be associated with panic disorder. We have undertaken an analysis of several DNA sequence variations in the adenosine 2A receptor (ADORA2A) in a large sample of panic disorder pedigrees. Individuals from 70 panic disorder pedigrees, and 83 child-parent 'trios', were genotyped at five single-nucleotide polymorphisms (SNPs) in and near the ADORA2A gene and were analyzed for genetic linkage and association. Linkage analysis revealed elevated LOD scores for a silent substitution (1083C/T, SNP-4) in the second coding exon. This SNP has been previously reported to be associated with panic disorder. We observed a maximal heterogeneity LOD score of 2.98 (y ¼ 0) under a recessive genetic model and narrow diagnostic model. Other SNPs showed no evidence for linkage. Association tests were not significant for any of the five ADORA2A SNPs. When SNP haplotypes were assessed in the triads with TRANSMIT, one 3-marker haplotype (SNPs 1, 4, 5) was nominally significantly associated with panic disorder (p ¼ 0.029). Pairwise estimations of linkage disequilibrium between the SNPs showed strong patterns of linkage disequilibrium across the ADORA2A locus. Analyses carried out by broadening the panic disorder phenotype to include agoraphobia continued to support linkage to ADORA2A. Our findings provide evidence for a susceptibility locus for panic disorder, and possibly including agoraphobia, either within the ADORA2A gene or in a nearby region of chromosome 22, and serves as the first successful candidate gene replication study in panic disorder.
INTRODUCTION
Panic disorder (PD) is a common psychiatric condition defined by recurrent panic attacks and anticipatory anxiety, with a lifetime prevalence of 1-3%. A 2.6-to 20-fold relative risk to the first-degree relatives of probands with PD suggests a familial component to this disorder (Knowles and Weissman, 1995) , while twin studies show that about 40% of the liability towards PD consists of heritable factors (Hettema et al, 2001) . The etiology of PD is currently unknown.
Adenosine is a purine nucleoside that plays multiple physiological roles, with the most prominent being in the cardiovascular and central nervous systems (Guieu et al, 1998) . Adenosine has been long known to be a neuromodulator, with both inhibitory and excitatory functions (Moreau and Huber, 1999) . Although not stored or released as a classical neurotransmitter, adenosine is involved in the fine-tuning of other neuromodulators (Sebastiao and Ribeiro, 2000) . All four of the known adenosine receptors are expressed in the brain, particularly the expression of the 2A adenosine receptor. Animal work has implicated this receptor in a number of behaviors, including locomotion, anxiety, aggression, reward, nociception, sleep, seizures, psychotic-like behaviors, and aging. In the absence of a selective 2A receptor ligand, there has been limited research into the role of these receptors in human psychopathology. These observations suggest a role for adenosine in Parkinson's disease, schizophrenia, anxiety disorders, and Alzheimer's disease (Moreau and Huber, 1999) .
The receptors for adenosine are potentially attractive candidate genes for PD. Caffeine has long been recognized as one of the agents that can precipitate panic attacks (Charney et al, 1985) . Caffeine is an antagonist of the four adenosine receptors and is most potent for the type 2A adenosine receptor (ADORA2A). The ADORA2A locus is located on human chromosome 22q11.23, while the A1, A2B, and A3 receptors are located on 1q32.1, 17p12, and 1p13.2, respectively. Male mice in which this gene is disrupted show increased anxiety-like behaviors, and also aggressive behavior (Ledent et al, 1997) . Previous work has shown that a silent coding polymorphism (1083C/T, or SNP-4 in this study) in exon 2 in ADORA2A is associated with PD (Deckert et al, 1998) . A Japanese group tried to replicate this finding in 87 PD patients, but found no association (Yamada et al, 2001) . Given the possible importance of adenosine receptor function in panic, we proposed to study the role of single-nucleotide polymorphisms (SNPs) in or near the ADORA2A gene in a population of patients with PD.
For the study reported here, we utilized five SNPs in the ADORA2A region in a family-based design. Our goal is to ascertain any linkage or association between PD and ADORA2A. We do this by testing for linkage and association with each SNP and with multilocus haplotypes.
METHODS AND MATERIALS

Subjects
Families were recruited from several sources, including anxiety clinics, therapists specializing in treating anxiety disorders, and anxiety disorder support groups/associations. Initially, families with at least three affected persons were asked to participate. Participants underwent interviews utilizing the Schedule for Affective Disorders and Schizophrenia-Lifetime Version for Anxiety Disorders, Revised (Mannuzza et al, 1986 ) and the Family Informant Schedule and Criteria (Mannuzza et al, 1985) , from which DSM-III-R diagnoses of PD with recurrent spontaneous panic attack 7 agoraphobia (APA) were derived, as previously described (Fyer and Weissman, 1999; Knowles et al, 1998) . In this study, 70 multiplex families and 83 triads consisting of proband, mother, and father were genotyped. The protocol was approved by the institutional review board of the New York State Psychiatric Institute. All interviews of probands and relatives were performed after obtaining signed informed consent. Relatives were contacted with the permission of the proband. The majority of families are Caucasian, of Western European background, and currently reside in the United States.
DNA Analysis
Preparation of the DNA samples was as described elsewhere (Knowles et al, 1998) . A total of 14 SNPs were chosen from public databases (http://www.ncbi.nlm.nih.gov/SNP/, http:// snp.cshl.org/) or the literature (Deckert et al, 1998) . Nine were nonpolymorphic in our population. All liquid handling was performed using the TECAN Genesis robotic sample processing system with Gemini software. SNPs were detected using fluorescence polarization, a technique that distinguishes the polymorphic base of an SNP by the template-directed incorporation of a dye-labeled dideoxynucleotide onto an oligonucleotide primer that anneals just 5 0 to the polymorphic base (Chen et al, 1999) . This homogenous reaction was performed in three stages (Hamilton et al, 2001) . Briefly, in the first step, PCR reactions of 5 ml containing 200 nM of the forward and reverse primers ( primers and deoxynucleotides in the PCR products were then degraded by adding a 5 ml solution of 1 U of shrimp alkaline phosphatase (Roche, Indianapolis), 0.5 U of Escherichia coli Exonuclease I (USB, Cleveland), 5mM MgCl 2 , and 50mM Tris-HCl (pH 8.5). The mixture was incubated at 371C for 90 min, followed by deactivation for 15 min at 951C. In the final step, a 5 ml solution contained 1 mM TDI probe (Table 1) , 0.4 U of Thermosequenase (USB), 50 mM Tris-HCl, 50 mM KCl, 5 mM MgCl 2 , 5 mM NaCl, 8% glycerol, 125 nM dideoxynucleotides not corresponding to the polymorphic bases, 109.4 nM dideoxynucleotides corresponding to the polymorphic bases, and 15.6 nM R110-or TAMRA-labelled dideoxynucleotides corresponding to the polymorphic bases (NEN, Boston) was added to the samples. This mixture was cycled at 951C for 2 min, followed by 35 cycles of 941C for 15 s and 551C for 30 s. Following template-directed incorporation, 10 ml of the sample was transferred to 384-well plates for reading of fluorescence polarization in a TECAN Ultra plate reader (TECAN-US, Research Triangle Park, NC), using dichroic filters provided by the manufacturer. Data output from the reader is in dimensionless units, mP, as previously described (Chen et al, 1999) . The data were imported into a software package, EasySNP (TECAN-US, Research Triangle Park, NC), that graphed the data points and four clusters of points were observed for each marker corresponding to homozygotes, heterozygotes, and PCR blank/failed reactions. These clusters were converted to alleles and then imported into LABMAN for storage and further manipulation (Adams, 1994) .
Data Analysis
Linkage analyses. Following a previously proposed strategy (Abreu et al, 1999) , we performed parametric linkage analyses assuming a 1% disease allele frequency and allowing for a reduced penetrance (50%) and a phenocopy rate of 1% for affected individuals (Greenberg et al, 1998; Hodge et al, 1997) . Females (males) who were either phenotypically unknown or unaffected had an assumed penetrance model of 66% (33%) with a phenocopy rate of 14% (7%). The genetic parameters for the analyses are based on the results from our previous segregation analyses (Vieland et al, 1993b (Vieland et al, , 1996 . Although these parameters may be crude approximations of the unknown, but true, genetic model for panic disorder, considerable work has shown that the magnitude of the lod score is relatively immune to misspecification of genetic parameters like penetrance or gene frequencies (Hodge et al, 1997) . Surprisingly, genetically complex models can be fairly well approximated by singlelocus analyses with reduced penetrance when examining linkage by a single locus at a time (Durner et al, 1999; Vieland et al, 1993a) , as performed here. These approximate analyses are less sensitive to the penetrance than to the mode of inheritance at the locus being examined. Thus, linkage can be missed if the 'wrong' (either dominant or recessive) mode of inheritance is chosen for the analysis. Since we did not know which mode of inheritance best fits each locus examined, we performed our analyses twice, once assuming dominant and once assuming a recessive inheritance at that locus. Pedigrees were analyzed for linkage using the FASTLINK package (Cottingham et al, 1993; Schaffer et al, 1994) . Calculation of lod scores under genetic heterogeneity was carried out with the HOMOG program (Ott, 1999) . In the 'narrow' model, individuals who are diagnosed as having 'definite' or 'probable' PD are coded as affected. The 'intermediate' model adds individuals diagnosed with 'possible' PD, and the 'broad' model adds those with 'any' PD, as previously described (Hamilton et al, 1999) . In analyses involving agoraphobia, we used the narrow definition of panic (definite or probable). We then defined the following phenotypes: (1) PD+AG, presence of both PD and AG (n ¼ 207 persons coded as affected); (2) PD or AG, presence of PD or AG (n ¼ 358); (3) AG alone, excluding persons with comorbid PD (n ¼ 23); (4) PD alone, excluding persons with comorbid AG (n ¼ 75). An affected sibpair analysis, equivalent to a lod score calculated under simple recessive inheritance, which yields a measure of allele-sharing, was performed using the SIBPAIR program in the ANALYZE package (Terwilliger, 1994) .
Association analyses. Triads were analyzed with the transmission disequilibrium test (TDT) statistic (Spielman et al, 1993; Terwilliger, 1995) and the Haplotype-based relative risk (HHRR) method (Falk and Rubinstein, 1987; Terwilliger and Ott, 1992) , using the ANALYZE package to test for linkage disequilibrium. Since we used the TDT analysis as another method to test for linkage in the pedigrees, all affected individuals were used in the analysis. Haplotype association analyses were tested using TRANS-MIT (Clayton, 1999 (Clayton, , 1998 , which implements the expectation-maximization algorithm (Excoffier and Slatkin, 1995) . TRANSMIT compares the transmission of multilocus haplotypes from parents to affected offspring. Its main advantage is its ability to handle missing parental genotypes or phase-unknown parental genotypes. TRANSMIT reports a global w 2 test of transmission distortion with hÀ1 degrees of freedom, where h is the number of haplotypes for which transmission data are available. Global analysis addresses the null hypothesis that none of the haplotypes are associated with panic disorder. Individual analyses test the null hypothesis that haplotype is not associated with PD. Thus, the individual analyses will have more statistical power than the global hypothesis. Individual analyses would be the preferred test, but we do not know which haplotype to test so we test them all. Since we test them all, this raises the issue of multiple comparisons, so we need to interpret the results carefully and most likely adjust the significance level. Specific haplotype tests of transmission distortion are also reported using a one-degree of freedom w 2 test. We did not construct haplotypes for the pedigrees, as there is no adequate software for inferring appropriate haplotypes for our pedigree data. For example, TRANSMIT only constructs haplotypes for nuclear families, while GENEHUNTER has a peculiar propensity to arbitrarily choose only one of several possible haplotypes (Lindholm et al, 2003; Schaid et al, 2002) .
Using the triad data, we tested for linkage disequilibrium and estimated the strength of disequilibrium for all pairwise marker combinations. The likelihood ratio test and parameters estimates were obtained from the GOLD computer program (Abecasis and Cookson, 2000) . As a measure of linkage disequilibrium, we report D 0 , a normalized linkage disequilibrium parameter (Devlin and Risch, 1995) .
RESULTS
Linkage Analyses
A total of 70 multiplex PD pedigrees containing 620 individuals were genotyped with five biallelic SNPs in a 39.5 kb region encompassing ADORA2A. Three of the SNPs are in the 5 0 untranslated region, one is in exon 2, and one is in the 3 0 untranslated region (Table 1) . Although most work describes the ADORA2A gene as containing two exons, one reported sequence contains three additional untranslated exons farther upstream (GenBank accession X68486), and SNPs 1-3 in our paper lie 5 0 to the first of these additional exons. Minor allele frequencies in 140 founders averaged 0.37, with a range of 0.029-0.489 (Table 1) . We analyzed each marker for linkage in the following ways: three diagnostic models, two genetic models, and two homogeneity vs heterogeneity models, in addition to affected sibpair analyses. As described below, parametric linkage analyses were also performed by considering agoraphobia in the phenotype. Using the homogeneity model, SNP-4, a silent coding variant in exon 2, showed elevated lod scores in all recessive models (broad (1.66), intermediate (1.87), narrow (2.95) phenotype). No other marker showed a maximal homogeneity lod score 41.0. Calculation of lod scores under genetic heterogeneity, a more realistic model for a complex genetic disorder like PD, increased the lod scores slightly for SNP-4 (1.95 for recessive/intermediate to 2.33 and 2.98, respectively, for recessive/broad and recessive/narrow) ( Table 2 ). The estimates of the proportion of pedigrees linked to SNP-4 (a) ranged from 0.37 to 0.64, while the estimates of recombination, y, for these lod scores were small (0-0.06). Note that although heterogeneity lod scores are valuable for detecting linkage, estimates of a are extremely unreliable for complex disorders (Vieland and Logue, 2002) . No other heterogeneity lod scores were 41.0, except for a score of 1.16 for SNP-5 under the recessive/ broad model, with y ¼ 0. It is still notable that many lod scores are positive in the same region. 'Nonparametric' analysis using SIBPAIR resulted in nominal p-values for SNPs 1 and 4 of 0.005 and 0.001, respectively, under the narrow diagnostic category. SNP-4 also showed p-values of 0.03 and 0.01, respectively, under the broad and intermediate categories.
We performed family-based association tests on 83 parent-proband triads and on our pedigree sample. TDT and HHRR results for the triads were not significant for any of the SNPs. In the pedigrees, the HHRR test was nonsignificant, but p-values of 0.006 and 0.05 from the TDT test results were observed assuming the broad model at SNPs 3 and 5, respectively.
Haplotype Analysis and Linkage Disequilibrium
We tested for association between ADORA2A SNPs and PD by constructing multilocus haplotypes using the TRANS-MIT program. The global p-values, which take all possible haplotype combinations into account, were not significant at the 0.05 significance level. Nor were any global p-values significant for two-loci and three-loci haplotypes (results not shown). However, significant individual combinations were. For example, the strongest four-loci single haplotype combination included SNPs 2, 3, 4, and 5 (haplotype G/G/C/ C, p ¼ 0.006). This was the third most common haplotype among the nine observed (data not shown). The strongest individual four-marker haplotypes required both SNPs 4 and 5. Again, when all combinations were taken into consideration, no haplotype was significantly associated with PD. The 2-marker haplotype combinations using SNPs 4 and 5 were not significantly associated with panic, while individual 3-marker haplotypes including SNPs 4, 5 and either 1 or 2 were significantly associated, but not when all haplotypes were taken into consideration.
We also assessed the level of linkage disequilibrium between SNPs in the ADORA2A gene by using the GOLD program (Abecasis and Cookson, 2000) . Estimates of D 0 between the SNPs are presented in Figure 1 . Of the 10 pairwise estimates, six were highly significant (po0.00001) and four were not significant. All four of the nonsignificant combinations involved the SNP-3, the marker with a low minor allele frequency in this population. SNP-1 showed significant linkage disequilibrium in this sample with markers as far away as SNP-5, almost 40 kb distant. Hence, from these observations, most of this gene is in disequilibrium and is inherited as a single segment in our sample.
Panic and Agoraphobia as Phenotypes
Recently, Gelernter et al (2001) performed a genomic screen in a collection of 20 pedigrees segregating PD and agoraphobia (AG). The authors carried out linkage analyses using either PD and/or AG as the phenotype. Interestingly, their results suggest some loci common to both diagnoses as well as loci specific to one disorder and not the order. As we have data on AG, we have taken a similar approach. We performed linkage analyses by changing proband affected status depending on AG status. Interestingly, when we examined these phenotypes for linkage to five ADORA2A SNP loci, we observed several lod scores above 1.0, with one heterogeneity lod score of 3. Remarkably, the addition of the agoraphobia phenotype raised scores in the more 5 0 ADORA2A SNPs. For example, for the PD+AG phenotype, heterogeneity lod scores 41.0 are seen at three of the five markers (1.33, 1.58, and 1.12, respectively, for SNPs-1, 2, and 4). The broader PD or AG phenotype showed scores 41.0 at four markers, with a heterogeneity lod score of 3.2 at SNP-4 using a recessive genetic model (y ¼ 0, a ¼ 0.63). SNPs 1, 2, and 5 showed scores 41 using the same model. Analysis of AG alone and PD alone showed little support for linkage, with the exception of a homogeneity lod score of 1.43 at SNP-2 for AG alone. The small number of affecteds for these analyses (n ¼ 23 for AG alone, n ¼ 75 for PD alone), as compared to PD+AG (n ¼ 207) and PD or AG (n ¼ 358) may explain these findings.
DISCUSSION
The work here provides promising evidence for linkage between the ADORA2A locus and PD. Using biallelic SNPs, we observed that the site of a C/T transition in exon 2 (SNP-4) showed suggestive linkage to PD. This SNP has been previously reported to be associated to PD when 89 unrelated German PD probands were compared to 89 controls (Deckert et al, 1998) . However, our own sample showed no significant association. Nevertheless, when our linkage data are viewed together with the association data of Deckert et al, the ADORA2A gene is the first gene for PD that has been implicated in multiple studies. We observed that under different genetic models, different phenotypic categories were significantly linked to markers. The results likely differ because the analyses use the pedigree data differently. Sibpair analysis and TDT break up the pedigrees, whereas the linkage program analyzes the pedigrees as a whole unit. It is not clear to us why the TDT found SNP-3 to be significant but Sibpair analysis and linkage did not. We suggest that with complex disorders, no single model captures the inherent complexity of the underlying genetic architecture. We are intrigued that adding the AG diagnosis to PD, essentially broadening the phenotype, increased the lod scores at all of the markers in the gene, and increased the positive score seen at SNP-4. This finding is interesting in light of clinical observations. The adenosine receptor is linked to the pharmacological effects of caffeine (Dunwiddie and Masino, 2001) . Caffeine has been reported as anxiogenic in normal subjects and in those with anxiety or depressive disorders (Lee et al, 1988; Nickell and Uhde, 1994) . Further, intravenous caffeine increases HPA activity, as shown by increased ACTH and cortisol (Lin et al, 1997 ). This does not occur during the clinical panic attack but does occur with anticipatory anxiety. This suggests that the effect of caffeine may be more closely related to chronic anxiety and that caffeine is not associated with the panic attack itself. An approach to this issue to compare pure panic patients without AG to patients with both AG and PD, since only the latter have clearly increased chronic anxiety. The hypothesis is that the panic/AG group would show linkage to the adenosine receptor, but the pure panic group would not. Our data are supportive of this hypothesis, but are far from conclusive given the small number of individuals in our sample with 'pure' PD. One reasonable way to test this would be to perform a caffeine challenge test and then stratify the sample by genotype. Recently, this was carried out in infrequent caffeine users (Alsene et al, 2003) . Volunteers were administered 150 mg of caffeine or placebo and then measured for various mood and anxiety measures. These subjects were also genotyped for several SNPs in ADORA2A. The authors observed a rapid and significant increase in anxiety measures in subjects homozygous for the T allele of an SNP ('1976C/T'), which is in fact the same as SNP-4 in this work. Individuals who were C/T were similar to those who were C/C. An alternative interpretation might be that since caffeine sensitivity is seen in a number of anxiety disorders and depression, casting a broader phenotypic net might actually capture an intermediate phenotype that crosses standard diagnostic categories. This is not the first study of the genetics of PD in which 'broadening' the phenotype from DSM PD increases the evidence for the presence of a gene for the disorder. As mentioned above, a recent genome scan reported data using PD or AG as phenotypes (Gelernter et al, 2001) . In this study, positive lod scores were obtained at a number of different loci when PD and AG were analyzed separately. When a phenotype combining AG and/or PD (like our 'PD or AG') was used, several lod scores 41.0 were observed, although not on chromosome 22, the location of ADORA2A. Another group, looking at genomic regions that are syntenic with regions of the mouse genome linked to anxiety quantitative trait loci, found evidence for linkage between chromosome 12q and the PD and/or AG phenotype (Smoller et al, 2001) . By broadening the phenotype even more, including comorbid anxiety disorder, childhood anxiety disorders, or continuous anxiety disorder diagnosis since age 13, the authors observed evidence for linkage to chromosome 10q. Finally, a Spanish group detected the presence of a large interstitial duplication of chromosome 15q24-26 in pedigrees segregating PD and joint laxity (Gratacos et al, 2001 ), a finding that was not replicated in another sample (Tabiner et al, 2003) . Oddly, evidence for linkage between this duplication and panic occurred when the phenotype was maximally broadened to comprise PD, AG, joint laxity, and social phobia (lod B5). The data from these studies and from the findings presented here suggest that the phenotypes of interest may cross the diagnostic boundaries of both psychiatry and medicine, reflecting genetic vulnerability to a spectrum of illness.
It is also possible that we have not actually 'broadened' the phenotype presented here. For instance, given the association between panic severity, frequency, and duration with AG (Katschnig and Amering, 1998) , it could be suggested that adding the probands with AG to the phenotype increases sensitivity by including a larger number of more severely affected subjects. This may represent adding the most significantly genetically loaded individuals with less admixing of unrelated phenotypes. In this view, our findings may suggest that ADORA2A is associated with a particular type of PD with more severe expression or, at least that is more likely to result in AG.
We have previously published results of similar magnitude from another locus on chromosome 22. With the same pedigree set, we found linkage and association between PD and markers in or near the catechol-O-methyltransferase gene on 22q11.2, some 4.6 million bases centromeric to ADORA2A (Hamilton et al, 2002) . It is unlikely that the results presented here are due to variation at COMT or another gene in between COMT and ADORA2, but we cannot rule out that possibility, since our strongest findings are with linkage tests. Likewise, there are two genes within 100 kb centromeric or telomeric to ADORA2A, the predicted gene KIAA0376 and beta-ureidopropionase (UPB1), respectively. Although these genes are not obvious candidates for PD, linkage disequilibrium between SNPs at the ADORA2A locus and one of these other genes may explain our findings.
As for the haplotype analyses using TRANSMIT, a few specific haplotypes were preferentially transmitted with PD at a suggestive level of significance (po0.05). Specifically, there is the evidence of 3-marker combinations of SNPs 1, 4, 5 or 2, 4, 5. It therefore appears that SNPs 4 and 5 are required, with either SNP-1 or SNP-2 needed to add information. But markers 4 and 5 are not informative enough by themselves to yield statistically significant results in this dataset. Likewise, the low-frequency SNP-3 appears to add information to the 2, 4, 5 haplotype. We note, however, that the global p-values of these analyses were not significant and that we tested many different haplotypes. These p-values, therefore, must be interpreted with caution.
Although SNP-4 does not alter the amino-acid sequence of ADORA2A, the substitution of T for C results in the TAT codon, which appears much less often than the TAC codon (Nakamura et al, 2000) and could possibly alter mRNA processing or the translational efficiency of the gene. There is both theoretical and biological evidence for the role of socalled 'silent' variants in functional variation. For instance, analysis of two tyrosine codons in a consensus sequence among 71 olfactory receptors revealed that the codon preference for TAT at one residue was 490% (po10 À19 ), while a nearby second tyrosine residue shows B60% TAT, much closer to the expected distribution (Conticello et al, 2000) . Recent work in Drosophila highlights biological evidence for the functional effects of codon bias. Carlini and Stephan (2003) introduced the less preferred codon for leucine in a number of leucine residues in the Drosophila alcohol dehydrogenase gene. The introduction of the unpreferred codon led to a significant decrease in enzyme activity. The authors argued that the effect was likely not due to mRNA structural changes, and was likely due to translational effects.
When comparing our current data with that of Deckert et al (1998) , we note a difference between results. In the case-control study of Deckert et al, positive association was noted with the T allele of the 1083C/T polymorphism (SNP-4 in this report). In the three individual haplotypes showing significant association in our study (SNPs 2, 3, 4, 5-GGCC, SNPs 1, 3, 4, 5-GGCC, SNPs 1, 2, 4, 5-GGCC), the identity for SNP-4 was always C. This suggests that SNP-4 itself is not the disease allele, but may be in proximity to, or in linkage disequilibrium with, a DNA variation that contributes to PD susceptibility. Which allele cosegregates with disease in our pedigrees? Linkage analysis focuses on loci, not on particular alleles. Our linkage analysis yielded significant findings at this locus, but our association analysis did not. This explains why some of the pedigrees exhibited cosegregation of PD with the C allele, others with the T allele. In a Japanese population of 87 probands and 99 controls, no association was seen between this variant and PD (Yamada et al, 2001) , a finding plausibly due to specific population histories that may be reflected in the extent of linkage disequilibrium in the region. Such an explanation invoking linkage disequilibrium must be viewed as a provisional limitation in interpreting the significance of our findings, although this study still represents a rare replication of a candidate gene study for a candidate gene of great functional significance.
